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Kent et al. (13) first proposed that a logistic sigmoid function curve be used to describe baroreflex function, according to the following equation:
where Y is the output (dependent) variable (e.g., heart rate, sympathetic nerve activity, or systemic arterial pressure), X is the input (independent) variable (e.g., MAP or carotid sinus pressure), A 1 is the Y range (value of Y at the top plateau Ϫ value of Y at the bottom plateau), A 2 is the gain coefficient, A 3 is the value of X at the midpoint (which is also the point of maximum gain), and A 4 is the value of Y at the bottom plateau. Kent et al. (13) also showed that the maximal gain of the reflex, i.e., the maximum slope of the curve, can be derived directly from Eq. 1, as follows:
The logistic sigmoid function curve has been found to provide a very good fit of the baroreflex input-output relationship (1, 13) and has become the most commonly used equation for this purpose. Two other very important parameters that describe baroreflex function are the threshold and saturation values for the input X (i.e., Thr and Sat). For the baroreceptor reflex, Thr is generally defined as the value of X at which no further increases in the output variable occur despite further reductions in X, whereas Sat is the value of X at which no further decreases in the output variable occurs despite further increases in X. Defined in this way, Thr and Sat cannot be determined from the logistic sigmoid function curve because Y changes continuously as X increases or decreases, approaching the lower and upper plateau values, respectively. To avoid this problem, Thr and Sat have been defined as the values of X at which Y is below or above the upper and lower plateau values of Y, respectively, by some arbitrary small value. Very commonly (see, e.g., Refs. 6 -8, 12, 17-23, 28) , this arbitrary value is taken as 5% of the response range for Y, and we shall follow this convention here.
Many authors have used an equation derived by Chen and Chang (2) to calculate Thr and Sat, as follows:
It is commonly stated (see, e.g., Refs. 
ANALYSIS
As defined above, Sat 5% is the value of X when the value of Y is 5% of the Y range above the bottom plateau, i.e., when
Substituting Eq. 5 into Eq. 1 gives:
Subtracting A 4 from both sides and then dividing both sides by
Dividing both sides by 0.05 and then multiplying both sides by
Therefore,
Taking the logarithm (to the base e) of both sides:
Rearranging to make Sat 5% the subject:
Similarly, determination of the threshold by the same process (using Y ϭ A 4 ϩ 0.95 ϫ A 1 ) yields the equation
With the use of a similar process in reverse, the values of Y that correspond to the values of Sat and Thr according to the equations derived by Chen and Chang (2) 
Canceling out and rearranging:
Thus the value of Y corresponding to the value of X as derived from the equation of Chen and Chang (2) is at the point 11.9% (of the Y range) above the lower plateau (Fig. 2) . By a very similar procedure, the value of Y corresponding to Thr as determined from the equation of Chen and Chang (2) can be shown to be at the point 11.9% (of the Y range) below the upper plateau (Fig. 2 ). An alternative procedure for determining Thr and Sat is that of Kent et al. (13) , who defined these values as the X values at which the third derivative of the logistic sigmoid function is zero. According to this definition,
and
When these values are substituted into Eq. 1, the Y values that (Fig. 2) . It is clear that Eqs. 6 and 7, as well as the equations derived by Chen and Chang (2) (Eqs. 3 and 4) and Kent et al. (13) (Eqs. 9 and 10) all depend only on the value of the midpoint A 3 and gain coefficient A 2 and are thus independent of the Y value at the lower plateau (A 4 ) or the Y range (A 1 ). The difference in the values of Thr and Sat calculated with the three different methods depends only, however, on the value of A 2 . When the value of A 2 is decreased, the absolute magnitude of these differences increases.
For example, Fig. 2 shows two sigmoidal baroreflex function curves with different values for the parameters A 1 , A 2 , A 3 , and A 4 , and Table 1 shows, for each of these two curves, the numerical values for Thr and Sat as calculated with the equations of Chen and Chang (2) and those of Kent et al. (13) , as well as the values of Thr 5% and Sat 5% as determined with Eqs. 6 and 7. When the value of A 2 is 0.1 ( Fig. 2A) , the difference between the value of Thr from the equation of Chen and Chang (2) and the value of Thr 5% is 9.4 mmHg (100.0 Ϫ 90.6; Table  1 ). When the value of A 2 is 0.06 (Fig. 2B) , however, the difference is 15.8 mmHg (91.7 Ϫ 75.9; Table 1 ).
The operating range of the baroreflex is defined as the difference between Thr and Sat, which (from Eqs. 6 and 7) is equal to 5.888/A 2 . When the equations of Chen and Chang (2) (Eqs. 3 and 4) are used, the operating range is 4.0/A 2 , and when the equations derived by Kent et al. (13) (Eqs. 9 and 10) are used, it is 2.634/A 2 . Thus the operating range derived from the equations of Chen and Chang (2) is 32% less than that derived from Eqs. 6 and 7 (i.e., the difference between Thr 5% and Sat 5% ), whereas that derived from the equations of Kent et al. (13) is 55% less than that derived from Eqs. 6 and 7. Therefore, although the value of A 2 affects the absolute magnitude of the differences between the values of the operating range calculated according to the three different methods (Table 1 , Fig. 2) , it does not affect the relative percentage differences in these values.
DISCUSSION
It is commonly believed (see, e.g., Refs. 6 -8, 12, 17-23, 28 ) that the equations derived by Chen and Chang (2) produce values of Thr and Sat that are equal to Thr 5% and Sat 5% . The above analysis, however, shows that the values of Thr and Sat as calculated from the equations of Chen and Chang (2) are significantly greater and less than Thr 5% and Sat 5% , respectively, and that the correct values of Thr 5% and Sat 5% are those calculated according to Eqs. 6 and 7.
In most studies of baroreflex function in which Thr and Sat are calculated, comparisons are made between groups within the same study. In these cases, when the same equations are used to calculate Thr and Sat, such comparisons are likely to be valid, even though the absolute calculated values are different from Thr 5% and Sat 5% . The problem becomes much more Table 1 . Baroreflex parameters determined for theoretical curves in Figure 2 with equations from present and previous studies significant, however, when comparisons are made between studies, and it is therefore important to have a standardized and accurate method of calculating these important parameters of the logistic sigmoid function curve.
As an illustration of this point, we have compared the Thr and Sat values of MAP for the baroreflex control of renal sympathetic nerve activity (RSNA) as determined in anesthetized rats in a recent study from our laboratory (16) with those determined in conscious rats in a previous study by Miki et al. (17) . With the data from our study (16) in anesthetized rats, the mean values of Thr 5% and Sat 5% for the MAP-RSNA sigmoid curves under resting conditions were calculated (with Eqs. 6 and 7) to be 71.6 Ϯ 3.6 and 136.9 Ϯ 4.6 mmHg, respectively, and the operating range (difference between threshold and saturation) was 65.2 Ϯ 3.6 mmHg. In the study by Miki et al. (17) , the mean values of Thr 5% and Sat 5% for the MAP-RSNA sigmoid curves under resting conditions were reported to be 78.3 Ϯ 4.6 and 126.5 Ϯ 3.3 mmHg, respectively, and the operating range was 48.2 Ϯ 4.7 mmHg. A comparison of these values suggests that in the conscious rat the threshold level for the MAP-RSNA baroreflex is higher, the saturation level is lower, and the operating range is much less, than in the anesthetized rat. In the study by Miki et al. (17) Although the four-parameter logistic sigmoid function is much more commonly used, Ricketts and Head (25) derived a five-parameter logistic sigmoid function, which includes an additional parameter that takes into account asymmetry of the curve above and below the midpoint. This function reduces to the four-parameter logistic sigmoid function when the curves are symmetrical. If the five-parameter sigmoid function is used, the values of Thr 5% and Sat 5% cannot be derived with simple equations such as Eqs. 6 and 7. Similarly, the equations for Thr and Sat derived by Chen and Chang (2) and Kent et al. (13) also cannot be used, because they also depend on the assumption that the curve is symmetrical above and below the midpoint. In cases where the five-parameter logistic sigmoid function derived by Ricketts and Head (25) is used, however, the values of Thr 5% and Sat 5% could be determined instead from the plotted graph of the derived function curve.
In summary, Eqs. 6 and 7 produce accurate values for Thr and Sat, where these are defined as the values of X at which Y is below or above the upper and lower plateau values of Y, respectively, by 5% of the Y range. It is, of course, possible to define Thr and Sat as the values of X at which Y is below or above the upper and lower plateau values of Y by a different percentage (e.g., 10%). Because most authors accept 5% as the appropriate difference, however, we propose that Eqs. 6 and 7 be used as the standard equations for calculating values of Thr and Sat when a four-parameter logistic sigmoid function is used to model the open-loop baroreflex function curve.
APPENDIX
As defined by Chen and Chang (2), the threshold and saturation points are the X values at the points where the straight line passing through the midpoint of the logistic sigmoid curve, and with a slope equal to the sigmoid curve at this point, intersects with the upper and lower horizontal straight lines that are the asymptotes of the upper and lower parts, respectively, of the sigmoid curve (Fig. 1) . We refer to these points here as Thr C and SatC.
Let the equation of this straight line passing through the midpoint be:
Y ϭ a ϩ bX At this point, the slope b ϭ ϪA 1A2/4 (see Eq. 2).
As shown in Fig. 1 , when X ϭ A3, Y ϭ A4 ϩ A1/2. Therefore,
Thus the equation of this straight line is
At the point where this line intersects with the lower asymptote, Y ϭ A 4 and (by definition) X ϭ SatC (Fig. 1) . Therefore, at this point,
Subtracting A 4 from both sides and rearranging, Similarly, the threshold value (ThrC) is defined as the point where the straight line intersects with the upper asymptote, i.e., where Y ϭ A4 ϩ A1 and (by definition) X ϭ ThrC (Fig. 1) . By a derivation similar to that shown above for the SatC value, Thr C ϭ A 3 Ϫ 2.0/A 2
